In this study, the thermal behavior of the coaxial and double U borehole heat exchangers was investigated using numerical simulations in both the long-and short-term. As a reference for borehole heat exchanger specifications, the existing coaxial and double U probes of a geothermal heat pump installed within the Horizon 2020 research project named "Cheap GSHPs" were considered. Nine years of simulations revealed that when borehole heat exchangers are subjected to a balanced thermal load, and intermittent operating modes of the ground source heat pump system are set, the coaxial pipes' configuration provides better thermal performance due to the higher thermal capacitance of the heat-carrier fluid and the lower borehole thermal resistance. The analysis was conducted considering two different types of ground with different thermal conductivity values. As result, the more conductive ground type highlights the higher yield of the coaxial probe.
Introduction
Technological innovations in the field of ground heat exchangers (GHEs) sizing and design can help improve their thermal performance and, consequently, to reduce the length necessary to satisfy building energy needs. This reduction decreases the installation costs, which are particularly high for vertical systems. Several works have recently been conducted on coaxial GHEs, which consist of an inner central pipe and an annular channel in direct contact with the surrounding ground. In the past, this coaxial geometry was studied by Oliver and Braud [1] , who derived a closed form analytical solution under steady state operation considering an isothermal ground surface one meter away from the axis of the borehole heat exchanger. Field tests were performed on a 47.7 m vertical tube-in-tube by Other numerical models were applied in the evaluation of Thermal Response Tests (TRTs) and in the design of BHEs, where the mean temperature of the fluid is usually approximated by the arithmetic average (T m ) of THE inlet and outlet temperatures. Marcotte and Pasquier [14] proved that considering T m the borehole thermal resistance is overestimated. The resistance overestimation has a noticeable economic impact. Therefore, they demonstrated with a full three-dimensional (3D) numerical model [15] that a new estimator p-linear average (with parameter p → -1) closely fits the average fluid temperature computed with the model. Accurate 3D simulations of a typical double U-tube BHE working with a constant inlet fluid temperature have been completed by Zanchini et al. [16] through a finite element model implemented in COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden). The results were qualitatively validated by applying the analytical method developed by Zeng et al. [17] , and provided new relations that could be used to evaluate T m .
However, all these analytical and numerical models do not consider the effect of the thermal capacitance of the heat-carrier fluid inside the pipes of the BHE and the variation in the weather conditions at the ground surface, which can significantly affect the thermal behavior, especially that of shallow BHEs. The current study set out to compare the long-and short-term performance of double U-tube and coaxial pipes subjected to a balanced annual thermal load profile over nine years and considering the intermittent operating of the heat pump. This analysis was conducted through simulations performed with a detailed calculation tool, CaRM [18] , which considers the climatic conditions at the ground surface, axial heat transfer into both the grouting material and ground, the fluctuations in the heat load, and thus the dynamic thermal behavior of the BHE. This is possible because the model considers the thermal capacitance of both the grouting material and the heat-carrier fluid inside the pipes of the BHE.
Method

Case Study
As a case study, two existing borehole heat exchangers (an enhanced stainless steel 76.60-mm coaxial and a 32-mm double-U), 78 m deep each (L bore ), of a ground source heat pump located in a residential dwelling in Putte (North Belgium) were considered. This is where a real case study of the Cheap GSHPs project [19] is underway. The demonstration system includes four other BHEs (two stainless steel 48.30-mm coaxial, one 32-mm double-U and one stainless steel 76.60-mm coaxial). The layout of the GHEs is shown in Figure 1 , in which the two analysed BHEs are represented by red dots.
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Other numerical models were applied in the evaluation of Thermal Response Tests (TRTs) and in the design of BHEs, where the mean temperature of the fluid is usually approximated by the arithmetic average (Tm) of THE inlet and outlet temperatures. Marcotte and Pasquier [14] proved that considering Tm the borehole thermal resistance is overestimated. The resistance overestimation has a noticeable economic impact. Therefore, they demonstrated with a full three-dimensional (3D) numerical model [15] that a new estimator p-linear average (with parameter p → -1) closely fits the average fluid temperature computed with the model. Accurate 3D simulations of a typical double Utube BHE working with a constant inlet fluid temperature have been completed by Zanchini et al. [16] through a finite element model implemented in COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden). The results were qualitatively validated by applying the analytical method developed by Zeng et al. [17] , and provided new relations that could be used to evaluate Tm.
However, all these analytical and numerical models do not consider the effect of the thermal capacitance of the heat-carrier fluid inside the pipes of the BHE and the variation in the weather conditions at the ground surface, which can significantly affect the thermal behavior, especially that of shallow BHEs. The current study set out to compare the long-and short-term performance of double U-tube and coaxial pipes subjected to a balanced annual thermal load profile over nine years and considering the intermittent operating of the heat pump. This analysis was conducted through simulations performed with a detailed calculation tool, CaRM [18] , which considers the climatic conditions at the ground surface, axial heat transfer into both the grouting material and ground, the fluctuations in the heat load, and thus the dynamic thermal behavior of the BHE. This is possible because the model considers the thermal capacitance of both the grouting material and the heatcarrier fluid inside the pipes of the BHE.
Method
Case Study
As a case study, two existing borehole heat exchangers (an enhanced stainless steel 76.60-mm coaxial and a 32-mm double-U), 78 m deep each (Lbore), of a ground source heat pump located in a residential dwelling in Putte (North Belgium) were considered. This is where a real case study of the Cheap GSHPs project [19] is underway. The demonstration system includes four other BHEs (two stainless steel 48.30-mm coaxial, one 32-mm double-U and one stainless steel 76.60-mm coaxial). The layout of the GHEs is shown in Figure 1 , in which the two analysed BHEs are represented by red dots. These BHEs and solar collectors supply a water source heat pump with a nominal thermal capacity of 12 kW in heating mode, which provides the building heating, cooling, and domestic hot water production. The system is equipped with measuring and data logging equipment for online real time These BHEs and solar collectors supply a water source heat pump with a nominal thermal capacity of 12 kW in heating mode, which provides the building heating, cooling, and domestic hot water production. The system is equipped with measuring and data logging equipment for online real time monitoring of the entire system. The local geology is presented in Figure 2a . The engineering layout of the system is shown in Figure 2b .
(a) (b) Figure 2 . Case study at Putte demo site: (a) ground stratigraphy and (b) scheme of the hybrid geothermal and solar plant.
The enhanced coaxial probe consists of a concentric shape composed of two tubes: the inner one composed of polyethylene for the supply and the external one composed of stainless steel for the return. The characteristics of this BHE are reported in Table 1 . The inner tube of this probe does not have the same characteristics of the traditional ones, as it features an insulating foam on the outer part of the inner tube. This foam allows better thermal insulation and consequently reduces the thermal short-circuit between the delivery section and the return annular section. The schematization of the cross-section of the coaxial pipe is shown in Figure  3 . The enhanced coaxial probe consists of a concentric shape composed of two tubes: the inner one composed of polyethylene for the supply and the external one composed of stainless steel for the return. The characteristics of this BHE are reported in Table 1 . The inner tube of this probe does not have the same characteristics of the traditional ones, as it features an insulating foam on the outer part of the inner tube. This foam allows better thermal insulation and consequently reduces the thermal short-circuit between the delivery section and the return annular section. The schematization of the cross-section of the coaxial pipe is shown in Figure 3 . The specifications of the double U-tube BHE, composed of PE-Xa pipes, are reported in Table 2 . During the first testing phase, a TRT was performed in order to determine the equivalent thermal conductivity of the ground and the borehole thermal resistance (Rb). The test was conducted on both the double U-tube and coaxial pipes using the same boundary conditions in terms of heat injection rate, time duration, and total mass flow rate.
The TRT procedure is based on the infinite line source method to evaluate the equivalent thermal conductivity of the ground. For this, a constant heat injection/extraction rate into the borehole with known depth and radius is set. This heat rate is imposed by a circulating carrier fluid in the BHE, with a certain mass flow rate, so it is possible to determine the fluid temperature development over time at the inlet and outlet at the probe.
In Table 3 , the calculated borehole thermal resistance indicates the improved energy performance of the coaxial BHE compared to the double-U BHE. The equivalent ground thermal conductivity values obtained from the analysis of this test, conducted over 5 days, are also presented. The specifications of the double U-tube BHE, composed of PE-Xa pipes, are reported in Table 2 . During the first testing phase, a TRT was performed in order to determine the equivalent thermal conductivity of the ground and the borehole thermal resistance (R b ). The test was conducted on both the double U-tube and coaxial pipes using the same boundary conditions in terms of heat injection rate, time duration, and total mass flow rate.
In Table 3 , the calculated borehole thermal resistance indicates the improved energy performance of the coaxial BHE compared to the double-U BHE. The equivalent ground thermal conductivity values obtained from the analysis of this test, conducted over 5 days, are also presented. The heat-carrier fluid (pure water) was moved by the circulator, while the inlet and outlet fluid temperatures at the top of the boreholes and the volumetric fluid flow rate were measured and recorded at 120 s time intervals. The temperatures were monitored with Pt 1000 Class A resistance thermometers (Ifm Electronic, Essen, Germany) (accuracy of ± (0.3 + 0.1% MS) in K), and the volumetric flow rate was measured using an electromagnetic flow meter (accuracy of ± (0.8% MW + 0.5% MEW) in L/min).
In this case study, the objective was to check if the results obtained via the numerical tool CaRM match the measured temperature values. To this purpose, the measured inlet fluid temperature profiles (Figure 4 ) of the coaxial pipes and the double U-tube were considered as input for CaRM calculation tool to simulate the thermal behavior of the BHEs. The inlet fluid temperature was measured for the real operating conditions of the heat pump; consequently, the heat pump was switched off for some time steps (about 22% of the time) and then started again. The heat-carrier fluid (pure water) was moved by the circulator, while the inlet and outlet fluid temperatures at the top of the boreholes and the volumetric fluid flow rate were measured and recorded at 120 s time intervals. The temperatures were monitored with Pt 1000 Class A resistance thermometers (Ifm Electronic, Essen, Germany) (accuracy of ± (0.3 + 0.1% MS) in K), and the volumetric flow rate was measured using an electromagnetic flow meter (accuracy of ± (0.8% MW + 0.5% MEW) in L/min).
In this case study, the objective was to check if the results obtained via the numerical tool CaRM match the measured temperature values. To this purpose, the measured inlet fluid temperature profiles (Figure 4 ) of the coaxial pipes and the double U-tube were considered as input for CaRM calculation tool to simulate the thermal behavior of the BHEs. The inlet fluid temperature was measured for the real operating conditions of the heat pump; consequently, the heat pump was switched off for some time steps (about 22% of the time) and then started again. The simulations were performed for a week in 120-s time-steps using at the ground level air temperature and solar radiation measured at the site. The mass flow rates of the heat-carrier fluid were set equal to the average values used for the weekly test (4.79 L/min for the coaxial pipes, 8.68 L/min for the double U-tube). Regarding the ground characteristics: thermal conductivity (λ) was assumed to be 2.11 W/(m•K), which is the average value between the thermal conductivities obtained via TRT on coaxial pipes and double U-tube; and the volumetric heat capacity (C) was 2.42 MJ/(m 3 •K). At the ground level, the following values were applied and assumed to be constant for the entire simulation time: absorptance (a): 0.7, emittance (ε): 0.9, and convection thermal resistance per unit area (Rext): 0.04 (m 2 •K)/W.
As result, the calculated and the experimental outlet fluid temperatures were compared for the coaxial ( Figure 5 ) and the double U (Figure 6 ) probes. The fluctuations in the simulated outlet fluid temperature in the coaxial probe were greater than in double U-tube, which could be due to the The simulations were performed for a week in 120-s time-steps using at the ground level air temperature and solar radiation measured at the site. The mass flow rates of the heat-carrier fluid were set equal to the average values used for the weekly test (4.79 L/min for the coaxial pipes, 8.68 L/min for the double U-tube). Regarding the ground characteristics: thermal conductivity (λ) was assumed to be 2.11 W/(m·K), which is the average value between the thermal conductivities obtained via TRT on coaxial pipes and double U-tube; and the volumetric heat capacity (C) was 2.42 MJ/(m 3 ·K). At the ground level, the following values were applied and assumed to be constant for the entire simulation time: absorptance (a): 0.7, emittance (ε): 0.9, and convection thermal resistance per unit area (R ext ): 0.04 (m 2 ·K)/W. As result, the calculated and the experimental outlet fluid temperatures were compared for the coaxial ( Figure 5 ) and the double U ( Figure 6 ) probes. The fluctuations in the simulated outlet fluid temperature in the coaxial probe were greater than in double U-tube, which could be due to the different volumes of the grouting material. The heat transfer rate was plotted in both the figures to better determine the model's accuracy; the average values of the heat transfer rate per unit borehole length are about 8 and 15 W/m for the coaxial and double U-tube probe, respectively. It is important to remember that in the time steps, when the heat pump is switched off, the model still calculates the fluid temperatures according to the heat balance of the thermal nodes, and when it starts again, the CaRM tool is able to consider the influences on the ground throughout the previous time steps and the fluctuations of the heat load. The results obtained via CaRM replicate the fluctuations in the measured outlet fluid temperatures. The root mean square error (RMSE) in Equation (1) between the experimental outlet fluid temperature ( , ) and the corresponding value calculated ( , ) using CaRM was considered to evaluate the deviation.
(1) It is important to remember that in the time steps, when the heat pump is switched off, the model still calculates the fluid temperatures according to the heat balance of the thermal nodes, and when it starts again, the CaRM tool is able to consider the influences on the ground throughout the previous time steps and the fluctuations of the heat load. The results obtained via CaRM replicate the fluctuations in the measured outlet fluid temperatures. The root mean square error (RMSE) in Equation (1) between the experimental outlet fluid temperature ( , ) and the corresponding value calculated ( , ) using CaRM was considered to evaluate the deviation.
(1) It is important to remember that in the time steps, when the heat pump is switched off, the model still calculates the fluid temperatures according to the heat balance of the thermal nodes, and when it starts again, the CaRM tool is able to consider the influences on the ground throughout the previous time steps and the fluctuations of the heat load. The results obtained via CaRM replicate the fluctuations in the measured outlet fluid temperatures. The root mean square error (RMSE) in Equation (1) the experimental outlet fluid temperature (T out,exp ) and the corresponding value calculated (T out,sim ) using CaRM was considered to evaluate the deviation.
Regarding the 168 hours of simulations, the RMSE values calculated with Equation (1) are 0.37 and 0.23 for the coaxial pipes and double U-tube, respectively. If the first 72 h, characterized by high fluctuations in the experimental outlet fluid temperature, are not considered, the resulting RMSE values decrease to 0.16 and 0.13 for the coaxial pipes and double U-tube, respectively.
Computer Simulations
Long-Term Analysis
The yield differences between the ground heat exchangers were also determined under variable load conditions with computer simulations. We considered the annual ground load profile shown in Figure 7 , representing the hourly heat load extracted or injected by the borehole heat exchanger. This profile is representative of a residential building located in Venice (Italy), with a floor area of around 150 m 2 . The U values of the external walls and the roof were 0.3 W/(m 2 ·K) and 0.24 W/(m 2 ·K) respectively, and the glazed surfaces had a thermal transmittance of 1.5 W/(m 2 ·K). The entire glazed surface was around one-sixth of the floor area and its solar factor (ratio of the total solar energy flux entering through the glass to the incident solar energy flux) was 0.35 and was assumed to be constant during the entire simulation time. The data and shape of the building load profile denote an almost balanced profile. Regarding the 168 hours of simulations, the RMSE values calculated with Equation (1) are 0.37 and 0.23 for the coaxial pipes and double U-tube, respectively. If the first 72 hours, characterized by high fluctuations in the experimental outlet fluid temperature, are not considered, the resulting RMSE values decrease to 0.16 and 0.13 for the coaxial pipes and double U-tube, respectively.
Computer Simulations
Long-Term Analysis
The yield differences between the ground heat exchangers were also determined under variable load conditions with computer simulations. We considered the annual ground load profile shown in Figure 7 , representing the hourly heat load extracted or injected by the borehole heat exchanger. This profile is representative of a residential building located in Venice (Italy), with a floor area of around 150 m 2 . The U values of the external walls and the roof were 0.3 W/(m 2 •K) and 0.24 W/(m 2 •K) respectively, and the glazed surfaces had a thermal transmittance of 1.5 W/(m 2 •K). The entire glazed surface was around one-sixth of the floor area and its solar factor (ratio of the total solar energy flux entering through the glass to the incident solar energy flux) was 0.35 and was assumed to be constant during the entire simulation time. The data and shape of the building load profile denote an almost balanced profile. The amounts of energy exchanged with the ground are similar in absolute value between summer (2200 kWh) and winter (2677 kWh), as shown in Figure 8 , and the heating-cooling energy ratio is 1.22. The amounts of energy exchanged with the ground are similar in absolute value between summer (2200 kWh) and winter (2677 kWh), as shown in Figure 8 , and the heating-cooling energy ratio is 1.22.
According to the Köppen-Geiger climate classification, Venice belongs to the group Cfa, so it is characterized by a humid, subtropical climate, with hot and muggy summers and moderately cold winters. The average temperature ranges from 3.5 • C in January to 23 • C in July.
The thermal load profile was considered as the input for CaRM to simulate the thermal behavior of the double U-tube. The simulation was performed for nine years, with a 5-minute calculation time-step.
This simulation was conducted using the following other inputs: According to the Köppen-Geiger climate classification, Venice belongs to the group Cfa, so it is characterized by a humid, subtropical climate, with hot and muggy summers and moderately cold winters. The average temperature ranges from 3.5 °C in January to 23 °C in July.
The thermal load profile was considered as the input for CaRM to simulate the thermal behavior of the double U-tube. The simulation was performed for nine years, with a 5-minute calculation time-step. This simulation was conducted using the following other inputs:
(1) The mass flow rate of the heat-carrier fluid (pure water) was 0.23 kg/s. This flow develops a transient flow regime for both the double U-tube (since the Reynolds number is 5602) and the coaxial pipes (Re = 2696 in the annulus). Among the results output from the CaRM tool, the temperatures of the heat-carrier fluid at the inlet of the probe were used, step by step, to obtain a profile of inlet temperature for nine years. This last profile (Figure 9 ) was considered as the input for both the CaRM simulations of coaxial and double U-tube ground heat exchangers, aimed at determining the thermal performance of these probes. As such, the same inlet temperature was assumed at the head of the probes in each time-step, starting with the thermal load profile reported in Figure 7 . These simulations were performed with the same inputs as the previous one, but in addition to the 2. Among the results output from the CaRM tool, the temperatures of the heat-carrier fluid at the inlet of the probe were used, step by step, to obtain a profile of inlet temperature for nine years. This last profile ( Figure 9 ) was considered as the input for both the CaRM simulations of coaxial and double U-tube ground heat exchangers, aimed at determining the thermal performance of these probes. As such, the same inlet temperature was assumed at the head of the probes in each time-step, starting with the thermal load profile reported in Figure 7 . These simulations were performed with the same inputs as the previous one, but in addition to the 2.1 W/(m·K), another value of the ground thermal conductivity, 1.1 W/(m·K), was considered to analyze the thermal performance in two different types of ground. 
Short-Term Analysis
A further simulation was performed for each borehole heat exchanger to investigate the thermal behaviors in short-term. In this case, the input signal alternates a one-month heat pump stop period with one operating month in which the fluid inlet temperature is constant at 3 °C (Figure 10 ). The one-month period "off" is necessary to ensure that the simulated temperature of the surrounding 
A further simulation was performed for each borehole heat exchanger to investigate the thermal behaviors in short-term. In this case, the input signal alternates a one-month heat pump stop period with one operating month in which the fluid inlet temperature is constant at 3 • C (Figure 10 ). The one-month period "off" is necessary to ensure that the simulated temperature of the surrounding ground can conform to the considered climatic conditions and that the temperature of the transfer fluid inside the borehole heat exchangers can match that of the surrounding ground before starting the heat pump. The other inputs were the same as the simulations performed in the long-term analysis. 
A further simulation was performed for each borehole heat exchanger to investigate the thermal behaviors in short-term. In this case, the input signal alternates a one-month heat pump stop period with one operating month in which the fluid inlet temperature is constant at 3 °C (Figure 10 ). The one-month period "off" is necessary to ensure that the simulated temperature of the surrounding ground can conform to the considered climatic conditions and that the temperature of the transfer fluid inside the borehole heat exchangers can match that of the surrounding ground before starting the heat pump. The other inputs were the same as the simulations performed in the long-term analysis.
Figure 10.
Step input signal for the simplified simulations.
Results and Discussion
Long-Term Analysis
The distinct geometries of the two borehole heat exchangers lead to a different thermal behavior, and thereby to an unequal exchange of energy both in heating and cooling mode. Tables 5 and 6 summarize the exchanged energy rates, determined by the simulations, considering the ground thermal conductivity of 1.1 and 2.1 W/(m•K), respectively. Step input signal for the simplified simulations.
Results and Discussion
Long-Term Analysis
The distinct geometries of the two borehole heat exchangers lead to a different thermal behavior, and thereby to an unequal exchange of energy both in heating and cooling mode. Tables 5 and 6 summarize the exchanged energy rates, determined by the simulations, considering the ground thermal conductivity of 1.1 and 2.1 W/(m·K), respectively. Table 5 . Energy exchanged with the ground by the two BHEs during heating and cooling mode in the first, third, and ninth years, assuming λ = 1.1 W/(m·K). Table 6 . Energy exchanged with the ground by the two BHEs during heating and cooling mode of the first, third, and ninth years, assuming λ = 2.1 W/(m·K).
Simulation Year Energy Exchanged with the Ground (kWh) Heating Cooling
Coaxial
Simulation Year Energy Exchanged with the Ground (kWh) Heating Cooling
Coaxial Double U Coaxial  Double U  1st  -3043  -2863  2432  2307  3rd  -3036  -2876  2443  2304  9th  -3009  -2884  2465  2297 As a result, assuming λ = 1.1 W/(m·K), throughout the first year, the energy exchanged with the ground by the coaxial probe was around 2.9% higher than that of the double U-tube considering the entire heating period. During the cooling season, this value was 1.6%. Over the course of the third year, the percentages were 3.5% in heating mode and 0.1% in cooling mode. During the ninth year, the values were 5.5% in heating mode and -0.01% in cooling mode (the energy rate exchanged by the coaxial probe was a little lower than that of the double U-tube).
Considering the ground thermal conductivity of 2.1 W/(m·K), during the first year, the energy rate exchanged by the coaxial probe was 6.3% higher than the double U during the heating period; 5.4% higher in the cooling season. Over the course of the third year, the percentages were 5.5% in the heating period and 6% in the cooling period. During the ninth year, these values were 4.3% in heating mode; 7.3% in cooling mode.
To analyze in detail the performance of the borehole heat exchangers, the outlet temperature of the heat-carrier fluid at the head of the probes was considered as a relevant output of the CaRM. This was possible because, as mentioned, the mass flow rate, the specific heat, and the inlet fluid temperatures were the same, indicating which of the two probes exchanges more heat with the ground.
In Figure 11 , the outlet temperatures of the heat-carrier fluid of the two probes are represented during the third simulated year with a value of ground thermal conductivity of 1.1 (Figure 11a ) and 2.1 W/(m·K) (Figure 11b ).
coaxial probe was a little lower than that of the double U-tube). Table 6 . Energy exchanged with the ground by the two BHEs during heating and cooling mode of the first, third, and ninth years, assuming λ = 2.1 W (m • K) ⁄ . Coaxial  Double U  Coaxial  Double U  1st  -3043  --2863  2432  2307  3rd  -3036  -2876  2443  2304  9th  -3009  -2884  2465  2297 Considering the ground thermal conductivity of 2.1 W/(m•K), during the first year, the energy rate exchanged by the coaxial probe was 6.3% higher than the double U during the heating period; 5.4% higher in the cooling season. Over the course of the third year, the percentages were 5.5% in the heating period and 6% in the cooling period. During the ninth year, these values were 4.3% in heating mode; 7.3% in cooling mode.
In Figure 11 , the outlet temperatures of the heat-carrier fluid of the two probes are represented during the third simulated year with a value of ground thermal conductivity of 1.1 (Figure 11a To better understand the difference between the outlet fluid temperatures of the two probes, three reference periods of three hours were considered:
(1) Period A: During the heating mode when the inlet fluid temperature at the head of the probe is equal to the minimum value (a critical condition because the absorption of energy has minimized the ground temperature). (2) Period B: During the end of the winter when the external air temperature starts to increase. (3) Period C: In cooling mode when the inlet fluid temperature at the head of the probe is equal to the maximum value (a critical condition because the heat injection into the ground has maximized the ground temperature).
Comparison BHEs in Heating Mode
Regarding the outlet fluid temperatures, the first diagram in Figure 12 is an enlargement of Figure 11a (i.e., with λ = 1.1 W/(m·K)), and considers the time steps from 9:00 a.m. to 12:00 p.m. of March 5 (Period A) of the third simulated year. In this period, three starts and stops of the heat pump occur. At each start, the coaxial borehole heat exchanger is characterized by better thermal performance; its outlet fluid temperature is higher than that of the double U-tube for the first three to four time steps (i.e., 15-20 min). After this period, the coaxial BHE presents a worse thermal behavior than the double U probe until the heat pump stops.
In the second graph, the same parameter is analyzed considering the ground thermal conductivity of 2.1 W/(m·K). The increased value of the ground thermal conductivity involves higher outlet fluid temperatures and more clearly highlights the best-performing borehole heat exchanger (i.e., the coaxial pipes).
equal to the minimum value (a critical condition because the absorption of energy has minimized the ground temperature). (2) Period B: During the end of the winter when the external air temperature starts to increase. (3) Period C: In cooling mode when the inlet fluid temperature at the head of the probe is equal to the maximum value (a critical condition because the heat injection into the ground has maximized the ground temperature).
Regarding the outlet fluid temperatures, the first diagram in Figure 12 is an enlargement of Figure 11a (i.e., with λ = 1.1 W/(m•K)), and considers the time steps from 9:00 a.m. to 12:00 p.m. of March 5 (Period A) of the third simulated year. In this period, three starts and stops of the heat pump occur. At each start, the coaxial borehole heat exchanger is characterized by better thermal performance; its outlet fluid temperature is higher than that of the double U-tube for the first three to four time steps (i.e., 15-20 minutes). After this period, the coaxial BHE presents a worse thermal behavior than the double U probe until the heat pump stops.
In the second graph, the same parameter is analyzed considering the ground thermal conductivity of 2.1 W/(m•K). The increased value of the ground thermal conductivity involves higher outlet fluid temperatures and more clearly highlights the best-performing borehole heat exchanger (i.e., the coaxial pipes). These patterns characterize the BHEs in the period from early November to late March of each year. For March 5 of the ninth simulated year, the patterns repeat themselves, as shown in the two graphs above.
The trend in the mean temperature of the borehole wall along the depth of the probe is also presented in the Figure 12 . The value corresponding to the coaxial pipes is higher than that of double U-tube as a result of the lower borehole thermal resistance, and it is more constant due to the larger thermal capacitance of the volume of heat-carrier fluid.
As confirmation of the analysis comparing the outlet fluid temperatures of the two boreholes heat exchangers, in Figure 13 , the patterns of the specific heat flow are shown for each case considered.
In heating mode, the thermal behavior of the two probes differs from the period between late March and mid-April, and mid-October to early November. This is highlighted in Figure 14 , which depicts an enlargement of the time steps from 9:00 a.m. to 12:00 p.m. of March 25 (Period B). In contrast with the previous case, at each start and during the different time steps, the outlet fluid temperatures of the probes are almost equal, but the various influences on the ground throughout the previous years (the difference between the energy injected and absorbed by the BHE, solar radiation, air temperature) can affect the performance of the probes, in particular for the ground thermal conductivity of 2.1 W/(m·K).
on
As confirmation of the analysis comparing the outlet fluid temperatures of the two boreholes heat exchangers, in Figure 13 , the patterns of the specific heat flow are shown for each case considered. In heating mode, the thermal behavior of the two probes differs from the period between late March and mid-April, and mid-October to early November. This is highlighted in Figure 14 , which depicts an enlargement of the time steps from 9:00 a.m. to 12:00 p.m. of March 25 (Period B). In contrast with the previous case, at each start and during the different time steps, the outlet fluid temperatures of the probes are almost equal, but the various influences on the ground throughout the previous years (the difference between the energy injected and absorbed by the BHE, solar radiation, air temperature) can affect the performance of the probes, in particular for the ground thermal conductivity of 2.1 W/(m•K). The specific heat flows are shown in Figure 15 for each case considered. The specific heat flows are shown in Figure 15 for each case considered.
(c) (d) The specific heat flows are shown in Figure 15 for each case considered. 
Comparison BHEs in Cooling Mode
In cooling mode, lower values confirm a better thermal behavior, meaning that the heat-carrier fluid exchanges more heat with the ground.
The first diagram of Figure 16 provides an up-close perspective of the outlet fluid temperatures, considering the time steps from 7:00 to 10:00 p.m. of July 21 (Period C) of the third simulated year (λ = 1.1 W/(m·K)). At each start of the heat pump, the coaxial borehole heat exchanger is characterized by better performance than the double U-tube for about the first four time steps (i.e., about 20 min). This improvement is remarkable in the first time step, then the temperatures become almost equal. A ground with an increased thermal conductivity determines lower outlet fluid temperatures and more clearly highlights the best-performing borehole heat exchanger (i.e., the coaxial pipes).
This trend repeats itself during the cooling mode for each year (the two diagrams in Figure 16 consider the ninth simulated year). The specific heat flows are reported in Figure 17 .
by better performance than the double U-tube for about the first four time steps (i.e., about 20 minutes). This improvement is remarkable in the first time step, then the temperatures become almost equal. A ground with an increased thermal conductivity determines lower outlet fluid temperatures and more clearly highlights the best-performing borehole heat exchanger (i.e., the coaxial pipes).
This trend repeats itself during the cooling mode for each year (the two diagrams in Figure 16 consider the ninth simulated year). The specific heat flows are reported in Figure 17 . by better performance than the double U-tube for about the first four time steps (i.e., about 20 minutes). This improvement is remarkable in the first time step, then the temperatures become almost equal. A ground with an increased thermal conductivity determines lower outlet fluid temperatures and more clearly highlights the best-performing borehole heat exchanger (i.e., the coaxial pipes). This trend repeats itself during the cooling mode for each year (the two diagrams in Figure 16 consider the ninth simulated year). The specific heat flows are reported in Figure 17 . 
Short-Term Analysis
The following considerations are also relevant when a dynamic thermal load is applied; therefore, they are useful for explaining the thermal behaviors reported previously in the long-term analysis.
The first three operating hours of the heat pump (from the 744th to the 747th hour of simulation) are shown in Figure 18 , and it is possible to divide the diagram into three parts: 
The first three operating hours of the heat pump (from the 744th to the 747th hour of simulation) are shown in Figure 18 , and it is possible to divide the diagram into three parts:
(1) At the start of the heat pump (first period) for the first six time steps (i.e., 30 min), the coaxial borehole heat exchanger is characterized by a higher outlet fluid temperature than that of the double U. This occurs due to the larger fluid volume of the coaxial probe (237 L). As a consequence, the thermal capacitance of its stationary transfer fluid is greater than that of the double U-tube, which has a volume of 168 L. This means that when the heat pump is switched on in the two BHEs, the same inlet fluid temperature solicits two different thermal capacitances (i.e., that of the heat-carrier fluid), and the coaxial probe, which has the greater capacitance, has a higher outlet fluid temperature. The thermal capacitance of the transfer fluid inside the probe is a key parameter for the first 30 minutes. Notably, the coaxial BHE shows a flatter pattern in the first time steps than the double U-tube because the transit time of the entire coaxial probe is longer (17 min vs. 12 min for the double U-tube). To better understand the difference between the performance of the BHEs, the outlet fluid temperatures are plotted against the natural logarithm of time in Figure 18 . (2) In the second period (from the 30th minute until 1.5 h of operation) the thermal capacitance of the grouting material is the main factor affecting the thermal performance of the BHEs. The double U probe, with a grouting material volume (0.71 m 3 ) greater than that of the coaxial probe (0.27 m 3 ), has a higher outlet fluid temperature in this period. (3) In the third period, the thermal behavior of the coaxial borehole heat exchanger is better than that of the double U-tube. This occurs due to its lower borehole thermal resistance R b of 0.03 (K·m)/W, which is about half that of the double U-tube. 
Conclusions
We analyzed the energy performance of two different types of vertical borehole heat exchangers: the double U-tube and the coaxial BHEs, subjected to a balanced thermal load for nine years using the CaRM tool. This detailed model was used to analyze the short-term variations in the thermal behavior of the ground heat exchanger with a dynamic thermal load.
Simulations revealed that the thermal performance of the borehole heat exchangers, when intermittent operating modes of the ground source heat pump system are set, significantly depend on the thermal capacitance of both the heat-carrier fluid and the grouting material and on the thermal resistance of the borehole heat exchanger.
Under equal boundary conditions, the coaxial borehole heat exchanger, due to a larger volume of the probe and a borehole thermal resistance lower than that of the double U-tube, exchanges of 2.9%-5.5% more energy in heating mode and 0%-1.6% in cooling mode with a ground thermal conductivity of 1.1 W/(m•K). With a ground thermal conductivity of 2.1 W/(m•K), the rates are 4.3%-
